A one-electron model for the photodissociation and recombination dynamics of a diatomic anion has been proposed. The main purpose of the study is to provide a simple model to better understand the effect of strong coupling between the solvent polarization and the extra charge in a system like I 2 Ϫ . The model diatomic anion consists of two identical nuclei and an extra electron whose dynamics are treated explicitly. The effect of solvent polarization is modeled by introducing an effective solvent field representing a nonequilibrium solvent configuration. Nonadiabatic theoretical calculations, in which the electronic and the nuclear dynamics are treated simultaneously, can reveal the importance of nonadiabatic effects by including intrinsically all the electronic states involved. It is found that a purely dissociative excited state can support recombination due to coupling of the anomalous charge distribution with the solvent polarization. The charge switching and the subsequent charge separation for the dissociating fragments are strongly coupled with the fluctuating solvent polarization, as represented by the time-dependent solvent field in the present model. The results of the calculations with varying time scales for the solvent response have demonstrated the possibility of numerous diverse phenomena resulting from nonadiabatic transitions. In particular, we found charge transfer induced by changing solvent polarization. The general model presented in the study provides a reasonable interpretation, at least on a qualitative level, for the interesting features obtained from recent experiments and nonadiabatic molecular dynamics studies on the photodissociation of I 2 Ϫ in molecular clusters.
I. INTRODUCTION
The presence of solvents can profoundly influence the course of a chemical reaction. One of the most widely studied examples is the solvent-induced recombination of photodissociated fragments such as the caging dynamics of I 2 in various solutions. 1 The sequential processes of photodissociation, geminate recombination, and vibrational relaxation can usually be understood in terms of the kinematics between the solvent and solute. The effects of solvents become much more important when charged species are involved in the reaction. Coulombic interactions between the solute and polar or polarizable solvents lead to changes of the potential energy surfaces by modification of the solute electronic structure. The detailed reaction dynamics under the influence of such strong solvent-solute interaction has not been fully appreciated. 2 Diatomic anions such as I 2 Ϫ or ICl Ϫ have provided typical systems with which one can address the issues concerning the role of electrostatic interactions in solution/cluster reaction dynamics and vibrational relaxation. 3 Early studies include time-resolved experiments on the photodissociation and recombination dynamics of I 2 Ϫ in several solvents such as water or alcohols [4] [5] [6] and in mass-selected clusters of the form I 2 Ϫ (CO 2 ) n . [7] [8] [9] Molecular dynamics ͑MD͒ and Monte Carlo simulations for the same systems have also been performed to attain better understanding of the experimental findings. [10] [11] [12] One of the main observations is the very fast vibrational relaxation rate of the charged solute in polar solvents and clusters compared with the case of the neutral molecule (I 2 ) in a nonpolar solvent. It is partly attributed to the strong electrostatic forces in these systems. Additionally, recurrences were seen in absorption transients, which were interpreted as coherent vibrational motion of the caged fragments in the excited electronic states. 8 More recently, several experiments and theoretical studies have been carried out on I 2 Ϫ clustered with a simpler solvent Ar. They have provided much more detailed information on ultrafast reaction dynamics in the photodissociation of the molecular cluster ions. Vorsa et al. have studied the photodissociation of I 2 Ϫ (Ar) n clusters with nϭ1 -27. 13 Examination of the recombined products indicates the presence of two different classes of photofragment mass distributions. In the first, all or nearly all of the Ar atoms have been lost, suggesting complete relaxation of I 2 Ϫ to the electronic and vibrational ground states by evaporation of Ar atoms. Second, some sort of metastable species has been found with a much larger number of Ar atoms still bound to the cluster. Such a metastable species was originally inferred to constitute solvent-separated photofragments. Recent nonadiabatic molecular dynamics simulations suggest that the metastable product arises from a trapped excited state which can be accessed by a nonadiabatic transition at larger bond distances. [14] [15] [16] Greenblatt et al. also studied the photodissociation of I 2 Ϫ (Ar) n clusters by using recently developed anion femtosecond photoelectron spectroscopy. 17 It is found that photodissociation of the larger cluster I 2 Ϫ (Ar) 20 results in caging of the I 2 Ϫ followed by recombination and vibrational relaxation in both the excited and the ground electronic states. Batista and Coker, and independently Faeder et al., have reported theoretical studies of photodissociation in I 2 Ϫ (Ar) n clusters by using nonadiabatic molecular dynamics simulations. 14, 15 These studies are based on a quantumclassical molecular dynamics method where the nonadiabatic transitions between coupled electronic states ͑surfaces͒ are treated by the surface-hopping method. The methods of constructing the model Hamiltonian for the solute electronic structure are different in the two studies. Batista and Coker used a semiempirical diatomics-in-ionic-system Hamiltonian as a natural extension of the diatomics-in-molecules ͑DIM͒ Hamiltonian for the ionic system, while Faeder et al. constructed an effective Hamiltonian by evaluating the solventsolute interaction in the representation defined by ab initio electronic states of the isolated solute. In spite of the differences in the model Hamiltonian, the overall trends and the main conclusions in those studies are in agreement. The calculated photofragmentation yields of various charged product clusters of the dissociated (I Ϫ -based͒ or the recombined (I 2 Ϫ -based͒ forms as a function of precursor cluster size show very good agreement with the experimental results of Vorsa et al. 13 It is found that the two major classes of I 2
Ϫ
-based products correspond to recombination into either the ground state or the excited state. The electronically nonadiabatic recombination dynamics, which is ultimately responsible for branching into different photofragment products and controls the amount of cluster evaporation, is shown to be driven by long-range charge-induced dipole interactions. Faeder et al. found that the two major classes of dissociated products correspond to ejection either of neutral I atoms or of charged I Ϫ ions from the precursor cluster. 15 The peculiar dissociation mechanism created by the ejection of the I Ϫ ion from the cluster is driven by anomalous charge switching in the excited state. The parallel polarizability of I 2 Ϫ in this state is negative, resulting in charge flow toward the less solvated atom. The same nonadiabatic molecular dynamics simulations have successfully reproduced the experimental transient photoelectron spectra. 18 More recently, similar studies on the I 2 Ϫ (CO 2 ) n system have provided detailed interpretations of the concepts proposed in the previous studies, while some subtle differences are found in such systems due to the much stronger solvent-solute interactions. 19 In spite of the successful application of the very complicated theoretical studies described above, it would still be useful to examine the detailed physical picture responsible for some of the characteristics found in the experiments. The nonadiabatic MD simulations relied on a semiclassical surface-hopping procedure. The fully quantum mechanical studies of simplified models like ours can provide complementary information. In our previous study, 20 the dynamics of I 2 Ϫ is studied in a linear chain model, [21] [22] [23] where the presence of the array of solvent atoms was shown to faithfully model the energy transfer leading to recombination. The effect of the solvents on the electronic structure of the diatomic ion was modeled by introducing an effective solvent electric field. The solvent field represents the solvent polarization due to the nonequilibrium solvent configuration. The gas phase potential energy surfaces are modified in the presence of the solvent field. The introduction of the solvent field is based on a simple one-electron picture, 12, [24] [25] [26] which has been used to describe charge transfer processes in various systems. 27, 28 In this paper, the main focus is on the role of the coupling between the solvent polarization and the extra charge of molecular ions in the dynamics of given systems. We introduce a simple model system for a diatomic anion to treat such coupling. The model contains enough physics to give a qualitatively correct physical picture of the real system while it is simple enough to be examined in detail.
The study of the dynamics of molecular systems has traditionally been performed by following nuclear motions on a potential energy surface ͑PES͒ obtained a priori based on the Born-Oppenheimer approximation. The separation of nuclear and electronic degrees of freedom is a natural approximation for adiabatic processes in which the electrons closely follow the nuclei. However, a single adiabatic PES cannot describe processes involving electronic rearrangements. One can overcome this limitation by using multiple, coupled, potential energy surfaces. Recently, attempts have been made to treat such processes by solving coupled equations for the electronic and nuclear degrees of freedom without constructing a PES. [29] [30] [31] [32] By treating the dynamics of the electronic motions explicitly in one-electron problems such as absorption spectra, 33 charge-transfer rates, 28 and electronmediated surface phenomena, 34 many detailed physical insights can be obtained. For a simple model system with a few degrees of freedom, one can solve the Schrödinger equation exactly for the combined electron-nuclear dynamics. Single-electron properties such as the absorption cross section and the charge transfer rate can be obtained by timedependent propagation of the total wave function of the combined system. The intrinsic problem one has to face when following the nuclear and the electronic motions simultaneously is the inherent time scale difference due to the large mass disparity. Previously, a multiple time scale quantum wave packet propagation method was introduced to treat the electron-nuclear dynamics. 35 In this study, we use a one-electron model for a diatomic anion mimicking I 2 Ϫ in which the extra electron is treated explicitly. This model is constructed in the same spirit as the minimal model of a charge transfer reaction previously studied by one of the authors ͑S.S.͒. 28 Our main purpose is to study the detailed mechanism of charge switching involved during the photodissociation and recombination of a diatomic anion such as I 2 Ϫ . This becomes possible by following the motion of the extra electron in terms of electronic wave functions instead of averaging out the electronic degrees of freedom in order to construct adiabatic potential energy surfaces. In effect, we are considering multiple electronic states simultaneously by treating the electronic part explicitly along with the nuclear dynamics. Therefore, nonadiabatic transitions between the electronic states, which are expected to play an important role in the dynamics of molecular ions, can be incorporated naturally into the one-electron model.
The paper is organized as follows. The definition of the theoretical model and a brief description of the computa-tional scheme for the dynamics of the system are given in Sec. II. The results are presented in Sec. III, and Sec. IV summarizes the conclusions together with some discussion.
II. THEORETICAL MODEL
The model system we are considering is a one-electron model for the diatomic anion mimicking I 2 Ϫ . The model consists of two iodine atoms and an extra electron moving on a line as illustrated in Fig. 1 . A similar one-electron model has been used as a minimal model of a charge transfer reaction 28 and more recently as a model of proton-coupled electron transfer reactions. 36 The model potential consists of an electron-nuclear pseudopotential and nuclear-nuclear repulsion. We assume that the motion of the center of mass of the diatom can be ignored. In this case, one can describe the system by two coordinates ͑x,r͒. Here x represents the position of the extra electron and r the relative distance of the two iodine atoms ͑Fig. 1͒. The model potential can be written as
Here V n (r) is the nuclear repulsion as given by the r Ϫ12 potential, V n (r)ϭA/r 12 , while the electron-nuclear pseudopotential is chosen to take the following form:
where R 1,2 ϭ͉r/2Ϯx͉, Z is the effective charge of the iodine atom, and R c is an adjustable parameter. This form of the pseudopotential is more realistic and easier to handle computationally than either a Coulomb potential or a simple semiempirical potential. 27 One could dispute the validity of the potential model given above. However, it should be kept in mind that this model does not intend to be a quantitative description of a specific system. It is designed to have as many of the features present in a real system as possible and to provide a qualitatively correct physical picture of the dynamics of the extra electron as well as the nuclear dynamics involved in photodissociation of I 2 Ϫ . Figure 2 displays the contour plot of the potential model V I 2 Ϫ( x,r). It clearly shows the two minimum energy structures, in which the extra charge is localized around one of the nuclei, for values of r close to the equilibrium bond distance. As will be seen later, the bound ground state and the purely repulsive excited state are well represented by the adiabatic PESs obtained from such a model potential.
Once the potential V I 2 Ϫ( x,r) is given, one can construct the adiabatic potential energy surfaces for the nuclear motion by integrating out the electronic degrees of freedom. By examining the electronic eigenfunctions associated with the adiabatic states, one can describe the characteristic charge distributions of each state. The Hamiltonian of the system is given by
where is the reduced mass of the diatom and the electronic Hamiltonian is defined as
Solving the Schrödinger equation for the electronic Hamiltonian at a fixed nuclear configuration can be done by the relaxation method in the time-dependent wave packet propagation 37, 38 to obtain the two lowest adiabatic potential energy surfaces. The parameters A, Z, and R c in the potential model can be adjusted such that the resulting adiabatic PESs mimic the gas phase PESs of I 2 Ϫ . As explained above, we do not attempt to achieve quantitative agreement. With a reasonable set of parameters, we obtained the PESs consistent with those for the real system.
Within the one-electron picture adopted here, the effects of the solvents on the electronic structure of a diatomic ion can be considered by a solvent field model. It is expected that the distribution of the excess charge in a diatomic anion is mainly determined by the electrostatic potential difference between the two atoms, reflecting the asymmetric electrostatic environment due to solvent atoms. A uniform electric field provides a reasonable model for such a nonequilibrium solvation effect. 20, 24 In the one-electron model, the electron feels the extra potential due to the solvent field with magnitude eEx. The initial solvent configuration favoring the ground state charge distribution is represented by a positive solvent field. This corresponds to the situation where the extra charge is localized, say, on the left I atom in our model ͑Fig. 1͒. As will be shown later, photoabsorption will transfer the extra charge to the opposite ͑right͒ side atom. Such a charge distribution in the excited state is not compatible with the initial solvent polarization. The solvent configuration will change so as to solvate the charge separation in the excited state favorably. Such a situation corresponds to the change in the sign of the solvent field in the present model. We can assume that the solvent field is constant over short time scales and follows the dynamics of the system under the influence of the field. For longer time scale dynamics, one needs to model the effect of varying solvent configurations. Since we are not considering the dynamics of solvents explicitly, the change in the solvent polarization can only be represented by the time dependence in the solvent field. As discussed above, the solvent field is considered to change from a positive value to a negative value as the solvent adjusts itself to the new charge distribution for the excited state. The time scale of the time-dependent solvent field is governed by the response time of the solvent. One may write a simple form for the solvent field as E(t)ϭE 0 f (t;), where the value of the function f varies from ϩ1 at tϭ0 to Ϫ1 at tϭ2, for example, as represents the response time scale of the solvent.
The dynamics of the system is treated by time-dependent quantum mechanics for both the electronic and the nuclear coordinates in the model. The multiple time scale problem naturally arises for the quantum wave packet propagation of the combined electron-nuclear dynamics. We use a split operator to perform unitary propagation with different time steps for light and heavy degrees of freedom. The detailed implementation of the multiple time scale algorithm based on the splitting of the electronic and nuclear Hamiltonians can be found elsewhere. 35 We consider the type of calculations done in the present study to be nonadiabatic since we treat the electronic and nuclear dynamics simultaneously as described above. In such a calculation, the initial wave packet, which represents the equilibrium configuration of both the electronic and the nuclear degrees of freedom, is found by the relaxation method in the model potential V I 2 Ϫ( x,r). The photoabsorption of the initial wave packet is represented by the promoted wave packet defined by 30, 39 ⌽(x,r;tϭ0)ϭx 0 (x,r), where 0 (x,r) is the initial wave packet for the ground state of the system. The subsequent evolution of the wave function is generated by the multiple time scale quantum propagation.
III. RESULTS
We have considered the photodissociation of a diatomic anion in a one-electron model. When the effect of solvent polarization is neglected, in other words, the solvent field is assumed to be zero, we expect that the bare diatom will be dissociated after photoabsorption. Without the presence of actual solvent atoms, the usual cage effect does not operate in the present model. When we include the effect of solvent polarization in terms of the solvent field, the dynamics of the system shows very different behavior. The initial solvent configuration favoring the ground state charge distribution is represented by a positive solvent field. This corresponds to the case where the solvent atoms solvate the left side I atom preferentially in our model ͑Fig. 1͒. It is found that the introduction of the effect of solvent polarization will result in recombination of the diatomic anion. Figure 3͑a͒ shows the time dependence of the average bond distance of the diatom, ͗r͘, with three values of the solvent field: Eϭ0.000, 0.003, and 0.005 a.u. Using a constant solvent field mimics a nonequilibrium situation where the solvent atoms have not adjusted to the new charge distribution created by the photoexcitation and maintain the ground state configuration. Figure  3͑a͒ clearly shows the recombination induced by the solvent field and the subsequent oscillations in ͗r͘ whose frequency is dependent on the strength of the field. The larger solvent field makes the initial recombination faster and the resulting I-I distance shorter. It can be argued that a purely dissociative excited state potential can have excited state recombination solely due to the effect of solvent polarization. Such effects are expected to be much larger for the diatomic anion compared with the neutral counterpart.
The above results suggest the presence of a bound excited state when the solvent field is included. In fact, the adiabatic PESs calculated in the presence of the solvent field show that the energy of the ground state is lowered while that of the excited state is increased at large internuclear distances, which results in an extra repulsive wall against dissociation in the excited state ͑Fig. 4͒. In the gas phase ͑i.e., without the solvent field͒, the ground and the excited states are degenerate at large internuclear distances for homonuclear diatoms. In both electronic states, the extra charge in a diatomic anion such as I 2 Ϫ is evenly distributed between the two I atoms. The introduction of the solvent field will localize the extra charge onto one of the I atoms. By comparing the electronic eigenfunctions for the two states calculated from our model potential, it is found that the extra electron is localized on the left I atom in the ground state while it is switched to the other I atom in the excited state under the influence of the positive solvent field. This result is consistent with anomalous charge switching discussed by Faeder et al. 16 In the excited state, the parallel polarizability of I 2 Ϫ is negative, so that charge flows toward the less solvated atom. During the photodissociation process on this state, the charge is localized on the less solvated I atom. This is seen in the average position of the extra electron, ͗x͘, obtained in our calculation ͓Fig. 3͑b͒; Note that the position of the electron is measured from the center of mass of the diatom͔. While the two atoms are separating from each other, the charge on the less solvated atom will be attracted to the solvents on the other side. This provides an additional force against dissociation, leading to faster recombination.
Our nonadiabatic calculations intrinsically include all the electronic states ͑within the one-electron picture͒, since the dynamics of the electron is treated explicitly. We can easily follow the transitions between the electronic states during photodissociation and solvent-polarization-induced recombination by calculating the population of each adiabatic state. We will restrict the consideration to two electronic states. Without the effect of solvent polarization or with a constant solvent field, we expect that the dynamics behaves adiabatically. From our calculations, the system is found to stay in the excited state after being promoted from the ground state by photoabsorption in those cases.
In the real situation, the solvent configuration will change in time. The charge distribution in the excited state just after photoexcitation is not compatible with the initial solvent polarization represented by the positive solvent field. The solvent atoms will adjust to the new charge distribution such that the previously less solvated I atom is favorably solvated. In other words, the solvent polarization is changed to the opposite value represented by a negative solvent field in our model. We introduce a time-dependent solvent field to model such change in solvent polarization. We consider a simple form such as E(t)ϭE 0 (1Ϫt/) 1/3 for 0ϽtϽ2. The exact form of the time dependence should not be relevant for our purposes. The solvent field starts with ϩE 0 , changes to ϪE 0 at tϭ2 after going through Eϭ0 at tϭ, and remains at this value thereafter. The parameter represents the time scale for solvent response to a new charge distribution. Since we are not considering a specific solvent system, we used several different values for within the time scale of our calculations. Figures 5-8 show the results of our calculations for ϭ0.25, 0.5, 1.0, and 1.5 ps with E 0 ϭ0.003 a.u. We have plotted the I-I distance ͑͗r͒͘, the average electron position ͑͗x͒͘, and the fractions of the ground and the excited states as a function of time. We have noticed several interesting features as summarized below.
͑1͒ Depending on the value of , we have either dissociation ͑Figs. 5 and 6͒ or recombination ͑Figs. 7 and 8͒. This is different from the case with constant ͑positive͒ solvent field, which always leads to recombination.
͑2͒ There occurs a nonadiabatic transition between the ground and the excited states at the point where the solvent field changes its sign ͓E(t)ϭ0 at tϭ͔. The transition can be a complete switching of electronic states ͑Figs. 6 and 7͒ or a partial mixing of the states ͑Figs. 5 and 8͒.
͑3͒ The behavior of the extra charge also shows interesting differences between the cases considered. As before, the electron may be attached to one of the atoms and follows its motion ͑Figs. 6 and 7͒. In other cases, the dynamics of the electron suggests that some kind of charge transfer can occur. Figure 5 shows a sign of such movement of charge, while , where E 0 ϭ0.003 a.u. and ϭ0.5 ps. The double arrow indicates the time when the solvent field changes its sign (tϭ). ͑b͒ The fraction of the ground ͑the solid line͒ and the excited ͑the dotted line͒ electronic states contained in the time-dependent total wave function from the nonadiabatic calculation as given in ͑a͒. , where E 0 ϭ0.003 a.u. and ϭ1.0 ps. The double arrow indicates the time when the solvent field changes its sign (tϭ). ͑b͒ The fraction of the ground ͑the solid line͒ and the excited ͑the dotted line͒ electronic states contained in the time-dependent total wave function from the nonadiabatic calculation as given in ͑a͒. , where E 0 ϭ0.003 a.u. and ϭ1.5 ps. The double arrow indicates the time when the solvent field changes its sign (tϭ). ͑b͒ The fraction of the ground ͑the solid line͒ and the excited ͑the dotted line͒ electronic states contained in the time-dependent total wave function from the nonadiabatic calculation as given in ͑a͒. understanding the physical origin of the observed phenomena is the fact that the extra charge is strongly coupled with solvent polarization in the present system. The asymmetric charge distribution induced by the fluctuating solvent polarization will affect the detailed dynamical behavior of the combined electron-nuclear system. The instant when the solvent field changes its sign represents a situation where the tendency of charge localization is reversed. The system ͑di-atomic anion͒ can react to such change in two different ways depending on the specific dynamical configuration at the time. When the internuclear distance is large at the time of the sign reversal for the solvent field, the system can undergo electronic transition easily because the energy difference between the ground and the excited states is small at such a distance with EϷ0. This situation corresponds to a complete switching of electronic states as seen in Figs. 6 and 7 . The system makes a transition from the excited state to the ground state and continues its dynamics in the electronic ground state. The extra charge can stay with the atom to which it was originally attached in the excited state; thus no charge transfer has occurred. The subsequent behavior of the internuclear distance is determined by the direction of the momentum at the time of the electronic transition. If the system has positive momentum ͑in the direction of increasing r͒, it will continue to dissociate as the absolute magnitude of the solvent field increases. This is because the ground state potential becomes repulsive ͑dissociative͒ for a finite solvent field irrespective of its sign ͑see Fig. 4͒ . Once recombination is occurring before the nonadiabatic transition to the ground state ͑as in the case of Fig. 7͒ , the momentum toward small values of r will lead to the recombination of the system in the ground state. Now consider the case where the internuclear distance is small or intermediate when the sign of the solvent field is changed. Since the energy gap between the two electronic states should be rather large in this case, the complete transition from the excited to the ground state cannot occur. However, at the same time, the charge distribution is somewhat delocalized at such internuclear distances. The system now responds to the change in solvent polarization such that the asymmetry of the charge distribution for the diatomic anion is reversed or some of the charge is transferred to the opposite side. In the adiabatic picture, this must correspond to a mixing of two electronic states as shown in Figs. 5 and 8. The amount of mixing is related to the energy gap between the two electronic states and we expect increased mixing as r increases. In the case of Fig. 5 , the ground and the excited states are almost equally mixed, which should result in a delocalized charge distribution with ͗x͘Ϸ0. For the situation given by Fig. 8 , the system retains its mostly excited state character with less than 30% of the ground state mixed in. With the solvent field taking a negative value after the transition, the extra charge should be localized on the left I atom in our model as predicted by the concept of anomalous charge switching. Therefore, in this case, we have a charge transfer from one side of the diatomic anion to the other side, as clearly shown in Fig. 8 . The behavior of the internuclear distance can be understood similarly as before.
IV. CONCLUDING REMARKS
We have proposed a one-electron model for the photodissociation and recombination dynamics of a diatomic anion. The main purpose of the study is to provide a simple model for better understanding of the effect of coupling between the solvent polarization and the extra charge in the system. Such knowledge is needed to explain observed differences in the dynamics of molecular ions compared with those of their neutral counterparts, as manifested in recent experimental and theoretical studies. The theoretical model adopted in this study has obvious limitations due to its simplicity. As a one-dimensional ͑1D͒ model, it cannot describe three-dimensional dynamics such as rotational motion which might be important for the dissociation of ions in solution or clusters. In order to concentrate on the effect of solvent polarization, we have not included actual solvent atoms explicitly in our model, eliminating the possibility for the usual cage effect by the solvent. In that regard, the 1D character of the model should be reasonable for our purposes. We also note that the present model, although initially motivated by the I 2 Ϫ system, is not expected to describe the specific features of this system, such as the involvement of p-type orbitals and the spin-orbit coupling. Our model is for a generic diatomic anion for which we focus on the behavior of the extra charge under the influence of solvent polarization.
The introduction of the solvent field to describe the polarization effect may be considered quite different from more conventional treatments of polarizable solvents. 2 It certainly neglects the solvation dynamics in the local environment. Since we do not include individual solvent atoms in the model, the solvent polarization due to the asymmetric solvent configuration is represented by a uniform electric field, as has been done in other studies. 24 It is also proposed that the fluctuating solvent polarization resulting from the motions of solvent atoms can be modeled by introducing time dependence for such a solvent field. Despite the limitations discussed above, the present model is expected to contain enough physics to explain qualitatively some of the salient features observed in the real system. One of the advantages in using a simplified model system is that we can avoid complications due to the complex dynamics of real systems. The extension of the model to more realistic situations will reveal the importance of the factors not included in the simpler model.
We have first considered the case where the solvent field is fixed at a positive value which represents the solvent configuration favoring ground state charge distribution of the solute. It is found that excited recombination can be induced by the constant solvent field. The initially repulsive excited potential becomes bound due to the coupling with the solvent polarization. It is also found that the extra charge is localized around the less solvated atom during the photodissociation and recombination dynamics. This is consistent with the concept of anomalous charge switching suggested by Faeder et al. in their nonadiabatic molecular dynamics studies. 15, 19 The attraction between the extra charge on the less solvated atom and the solvent on the other side provides a physical origin for the repulsive wall against dissociation.
In order to study the change in the solvent configuration during the photodissociation/recombination dynamics, we introduced a time-dependent solvent field. The solvent polarization can localize the extra charge on either side of the diatom, which is represented by a sign change in the solvent field for our model. The time scale of the solvent response determines the detailed behavior of the system and our calculations demonstrated the possibility of many related diverse phenomena. It is found that nonadiabatic transitions occur when the solvent field changes its sign. Depending on the internuclear distance at the time of the transition, it can be a complete transition between the excited and the ground states or a partial mixing of the two states. In the case of partial mixing of electronic states, the extra charge can be transferred from one side of the diatom to the other. The subsequent dynamics of the diatom can result in dissociation or recombination depending on the momentum at the time of transition. Both dissociation and recombination can occur in either the ground or excited states.
The general model presented in this study enhances our understanding of the physical picture for the dynamics of the molecular ion. The charge switching and the subsequent charge separation for the dissociating fragments is strongly coupled with the solvent polarization, which can lead to faster recombination and interesting nonadiabatic processes. We can relate, at least on a qualitative level, our results to the recent studies on I 2 Ϫ in cluster ions. The nonadiabatic molecular dynamics simulations with semiclassical treatment of electronic transitions have provided numerous realistic frameworks for the experimental systems. [14] [15] [16] 18, 19 However, the present study can supplement the results of those studies by performing full quantum mechanical simulations of electrons and nuclei in a model system. Most of our results are consistent with the major findings in the nonadiabatic molecular dynamics studies, although there may be some differences in detailed interpretation. The present model showed that the system can have recombination both in the excited state and the ground state. Our two-state model is certainly different from multistate treatments of the previous nonadiabatic MD simulations. The excited state recombination in those studies was found to involve a transition from a -type state (AЈ) to a -type state ͑A͒. The results of the present study suggest that a purely dissociative excited state can support a bound state due to a repulsive potential against dissociation resulting from the anomalous charge switching. This conclusion is consistent with the interpretation given by others. 19 The results clearly indicate that the electronic states are strongly coupled and nonadiabatic transitions occur due to the effect of changing solvent polarization. In particular, we demonstrated the possibility of charge transfer induced by changing solvent polarization. Just as for recombination, dissociation can occur both in the ground and the excited states because of nonadiabatic transitions. Since the charge distributions of the two electronic states are different, the results are consistent with the fact that both I Ϫ -based and I-based dissociated products are observed in the experiments.
The main shortcomings of the present model are that it cannot describe some of the dynamical aspects fully. They include dissociation and the cage exit of the diatom, evaporative cooling by ejecting solvent atoms, the role of solventseparated pairs, and vibrational relaxation down to the bottom of both the ground and the excited states. The obvious step is to include the motions of the solvent atoms explicitly in the model. Further studies are under way to apply a similar model to real cluster ion systems. Recent studies with heteronuclear diatomic ions such as ICl Ϫ and studies with different solvent molecules strongly suggest that much remains to be understood in the dynamics of molecular ions in condensed phase environments. 3, [40] [41] [42] The major advantage of a simple model like ours is that it provides insight into the dynamical aspects of the charge transfer process in those systems. Such a one-electron model is expected to be very useful in studying the many dynamical processes involving charge transfer.
